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~ FLOWONAN AIR-LAUNCHED15°CONE-

AT LOC!ALIU3’YNOLDSNUMERSTO 50x106

AT PEAKMACHNUMBER

By LeonardRabbandMilan

SUMMARY

OF6.75

J.I@asnican

A free-flighttestvehiclewasflownto obtainboundary-layer-
transitionandheat-transferdata. Themcdelwasa 150-included-angle
cone-cylinderwitha 10°conicallyflaredafterbody.Thenosetipwas

l-i
& hemisphericallyshapedwitha dianeter1.5percentofthecylinderdiam-
0 eter. Themodelwaslaunched27°downwardfroma carrierairplaneat

an altitudeof43,360feetandreacheda maxhumMachnumberof6.75at
. 28,100feet.kninsrflowwasindicatedontheforward(highlypolished)

portionofthemodeltoReynoldsnumbersof50x106.Turbulentflowwas
indicatedfortheaft(unpolished]measuringstations.

INTRODUCTION

Designersofhypersonicaircraftandmissileshavebeenincreasingly
awareoftheprobknsassociatedwithaerodynamicheating.Of special
interestistheproblaofmainlininga laminarboundarylayerover
largesurfaceareas.Theadvantagesof longrunsoflaminarboundary
layersarewellunderstood.However,thefactorsaffectingboundary-
layertransitionsrenotsoclearlydefined.Additionalexper~ntal
dataathypersonicspeedsandhighstagnationtemperaturesareneeded.

TheNACALewislaboratoryis currentlyinvestigatingthemanyprob-
lemsassociatedwithaerodynamicheating.Amongtheresearchtook be-
ingutilizedisthetechniqueofair-launchedfree-flighttest-bodies.
Thetestbodiesareacceleratedtohypersonicspeedsbyboosterrockets.
Bothsingle-stageandmultistagerocketconfigurationshavebeenflown.
Theresultsofpreviousflightsarepresentedinreferences1 to 4. The
presenttestwasmadeto obtainadditionaldataathigherReynoldsnumbers.

.
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APPARNMJSANOE!MCEDURE

Thetestbody,showninfigure1, isidenticaltotheconfiguration
discussedinreference4. Themodelwasaerodynamicallystabilizedby a
flaredsectionor “skirt”at therearandsmallwedge-shapedfinsat-
tachedtotheskirt.Thesefinsprovidedadditionalstabilityat the
pointofboosterseparation.Thetipofthe15°-included-=glecone
wasa hemispherewitha diameterof 7/8inch,andthecylindricalafter-
bodydiameterwas6 inches.

Thetestbodywasassembledintwopieces,withtheskinjuncture
orpartinglinelocatedat station32.88.Theskinwasnominally1/16-
inch-thickInconelalo

Y
theconeandl/32-irich-thickZhconelbeyondthe

cone-cylindershoulderstation20.03).Theactualskinthicknessesat”
eachoftheinstrumentedstationsandthewettedsurfacedistanceto
eachstationarepresentedinfigure1. In orderto increasetheemis-
sivityandthusreducetheanticipatedhigherskintemp.eratwes,the
rearsurfaceofthebody(aftofthepartingline)waschemicallyblack-
ened.Theskinforwardofthepartingline_y@shighlypolishedby a
commercialdiamondpastetoa surfacefinishoftheorderof2 micro-
inches.Thehighlypolishednosesectionisghowninfigure2. The
sustainerrocket(T-55)occupiedthevolumeaftofthe-partingline.

●
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Alldataweretransmittedtogroundre%l~ng stak~onsbymeansof
theradio-telemeterassemblylocatedinthevolumeforwardofthepart-

Z

ingline.Thesmallfinsnearthepartingline(fig.1) servedas the
—

transmittingantenna.Temperaturemeasurementsweret+emeteredonone
—

channelbutwme switchedtorecorda total~f12measmementsat inter-
valsofabout0.2second.AllofthethermocoupleswereCbromel-Alumel
andwereinlineexceptat stations19.40,60.81,and67.56(fig.1).
Theremainingdatawererecordedcontinuouslyfroma static-pressuretap
andtwoaxialaccelerometers.Thetypeandrangesoftheinstruenta-
tionareas follows:

—.-.4 .-. — —,, —

— —
Qtintity Range

Axialacceleration,g’s o to 90

Axialacceleration,g’s O to -25I
Staticpressure, O to 2160
lb/sqftabs

Skintemperature 400to 1700
(thermocouple),%

.

----- :-—.

.. .. . . ,.>
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Figure3 showsd (l/M-in.} aluminum

3

theboosterassmbl.y,whichconsistedofa thin-waU
tubewithcrucifomnaluminumfinsmountedat the

rear. Thefinswere1/4inchthick,withtheleadingedgestaperedand
roundedtoa l/16-inchradius.Theboosterrocket(T-40),whichwas
housedwithinthealuminumshell.,wasmaintainedat a temperatureof
100°F beforefiri~by wrappingitwithan electricblanket.Thesus-
tainerrocketwasnotheatedbeforelaunching.

.g
0
Pi

.

*

Theboosterassemblywasrigidlyconnectedto thefinalstagewith
a couplingthatwasdestroyedby theignitionofthefinal-stagerocket.
Thecouplingwasdevelopedby theNACALangleylaboratoryandisde-
scribedinreference5. TableI givessomephysicalinformationonthe
two-stagetestbody. Table11.presents,@ataonthetworocketsused.

Thetestbodywascarriedaloftby theF2H-2Bairplaneshownin
figure4. Themodelwaslaunched27°downwardat an altitudeof 43,360
feet.Time-delaysquibswereusedto ignitebothrockets,andthetest
bodywastrackedby groundradarandphototheodoliteeqyipment.

Thecalculationprocedureusedintheseflighttestsisdetailedin
references2 and4. Thefi?ee-stresmvelocitywasdeterminedfr6mradar
measurementsandby integratingtheaccelerationdata. me altitudewas
obtainedfromradarmeasurementsandthestatic-pressuremeasurementat
station29.88.Thevariationofambientpressureandtemperaturewith
altitudewasdeterminedfroma radiosondesurveymadeimmediatelyfol-
lotingtheflight.

Thelocalflowconditionsforthistestbodywerecomputedfortwo
cases.CaseI assmnedthatthenoseofthemodelwassharpl.ypointed
andthattheflowalongthecone-cylinderwasrepresentedby thecalcu-
lationsofreferences6 and7 as appliedto thespecificconfiguration
ofthistest. me flowpropertiesofcaseI aredesignated“sharp-tip”
conditions.

ThelocalflowpropertiescomputedforcaseIIaredesignated
“blunt-tip”conditions.CaseIIattemptstoaccountfortipbluntness
effectsby usingthemethodofreference8. Thisassumesthatthesur-
facestaticpressurealongthebody,downstreamofthebluntedtip,is
thesaneas fora sharplypointedbody. By assuminga normal-shocktotal-
pressurelossat thenose,theairina smallannularareaaboutthebody
isata muchlowerMachnumberthanthatofthesharpl.ypointedbody.
ThislayeroflowMachntier airblanketstheboundarylayer.The
amountoftipblunting,of course,determinesthelengthofboundary
layerthatmaybe affected.Approximatecalculationsbasedonreference
8 indicatethatthetipbluntnessofthepresenttestvehiclewasinsuf-
ficientto completelycovertheboundarylayerovertheentirebody.
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RESULTSANDDISCUSSION
—

*
Thetimehistoriesoftheaxialacceleration(exclusiveofgravity)

andthefree-stresmvelocityarepresentedin,figure5.1Thevelocityat
releasewas754feetpersecond.At 5.34seconds,theboosterrocket
firedandacceleratedthemodelto 4106feetpersecond.Thesustainer
rocketfiredat 11.44secondsandacceleratethemodeltoa peakveloc-
ityof6874feetpersecondat L3.Oseconds.,-A maximumaccelerationof
63.56g’swasrecordedat 12.6seconds.Thetelemeter~’i-adiotransmission
stoppedshortlythereafterat 13.23seconds.--’Accelerometermeasurements

+

(notshowninfig.
%

5) indicatedthatthemodeltumbledjustbeforethe w
endoftherecord.

Free-StreamConditions
—

Thetimehistoriesofthefollowingfree-strewconditionsarepre-
sentedin figure6: (a)altitude,(b)staticpressure,(c)statictern- ‘-
perature,{d)totaltemperatureandadiabaticwalltemperature,(e)Reyn-
oldsnumberperfoot,and(f]Machnumber.Thefree-streamstaticpres-
sureof figure6(b)wasobtainedfranradiosondereadings.Themeasured
staticpressureat station29.88isalsoshowninfiguge6(b)andvaries

●

a maximumof5 percenttim radiosondedatawhencorrectedby themethod
ofreference7. Themaximumtotaltemperatureof3864°R fig.6 d))

[[
●

occurredat 13.Oseconds.Theadiabaticwalltemperaturefig.6 d))
wasbasedonthetheoreticallsminarrecoveryfactor(squarerootof
Frandtlnumber).Thefree-streamReynoldsnl..imlerperfootoffigure
6(e)wasa maxtiumat 13.2seconds,becauset@eincrea~ingdensityoff-
setthedecreaseinvelocitybetween13.0and13.2seconds.Themaxi-
mumfree-stresmReynoldsnumberperfootofZ0.8X106gavea maximumfree-
stresmReynoldsnumberof125x106basedona“modellen@h of6 feet.The““ ““’
free-streamMachnumber(fig.6(f))reacheda maximumof6.75at 13.0
secondsatanaltitudeof28,100feet(fig.6(a)).

Conditionsat OuterEdgeofBQi+ndaryLayer

TimehistoriesoftheMachnumberandReynoldsnumberperfootjust
outsidetheboundarylayerat eachofthetqperaturemeasuringstations
areshowninfigures7 and8 forcasesI andII.Correctingfortip
bluntnessreducedthepeakMachnumberontheconefr~ 5.84(fig.7(a))
to 2.75(fig.7(b)}.ThemaxtiumMachnumberbasedon sharp-tipproper-
tieswas7.03at station21.65.Thisis slightlygreaterthanfree-
streamMachnumberbecauseofthelocalflow..e~ansion”aroundthecone-
cylinderjunction. — *

ThelocalReynoldsnurherperfootbasedon sharp-tipconditions
(fig.8(a)) reacheda peakat 13.2seconds._Theloca~perfootvalues_ ___ ~
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ofReynoldsnumberswerehigherontheconeand
d thanonthecylinder.PeakReynoldsnuqberper

theflaredafterbody
footof33.7X106was

calculatedforstation67.56.Thisgavea Reynoldsnumberof 97x106
basedona lengthof2.89feet.ThemaximumconeReynoldsnumberwas
50.2x106at station19.40.

ThevaluesofReynoldsnumberperfootbasedonblunt-tipcondi-
tionsareshownagainstthe in figure8(b).Reynoldsnumberperfoot
ontheconeandflareremainednearlyconstantwithincreasingtime,but
cylindervaluesfellapproximately30percent.

TemperaturesandHeat-TransferCoefficients

Themeasuredskintemperaturesareshownin figure9. Themaximum
skintemperatureofapproximately182W R wasmeasuredat station67.56
at 13.2seconds(fig.9(d)).Therateofriseof skintemperatureat
thisstationwaslL8@ R persecondat thetimeofmodelfailure(13.2
see).Sucha hightemperatureandrateoftemperatureriseonthe
flaredskirtmayhavecausedthestructureto failandcouldhaveiniti-

e atedthetmnblingactionmentionedearlier.Theskintemperaturesfor-
wardof station31.72wererelativelycoolcomparedtiththoseat sta-
tions60.81and67.56.

.
Thetelemeterrecordsshowedabruptdiscontinuitiesintheskin

temperaturemeasurementof 10°to 40°R at timesofboosterandsus-
tainerrocketignition.Thesediscontinuitiesdidnotnoticeablyalter
theslopeofthetracesoftemperatureagainsttimeandweretreatedas
zeroshiftsinthetemperat~eanalysis.Inaddition,themeasuredskin
temperatures(exceptforstation67.56)didnotcovertheftdltempera-
turerangeofthethermocouples.Becauseofthesefactors,theheat-
transfercoefficients(fig.10],whichwerederivedfrcmtheskin-
temperaturemeasurements,mayhavelargepercentageerrors.However,
thedataareaccurateenoq@ to distinguishbetweenlaminarandturbu-
lentboundarylayers. ‘

Thet~peraturemeasurementsfortwostationslocatednearly180°
apartareshowninfigure9(b). Thedatashowedexcellentagreementbe-
tweenbothstations,whichindicatedsimilarboundary-layerdevelopment
onbothsidesofthetestmodel.

Theheat-transfercoefficientsareshownin figure10 in dimension-
lessformas Stantonnumbers.Thedataarecomparedwiththeoretical
lsminarandturbulentvaluesfromreferences9 to 13. Thetheoretical

* Stantonnumbersof figure10arebasedonlocalblunt-tipflowcondi-
tions.Reference8 showsthatthetheoreticallaminarheat-transfer
ratesarerelativelyunchangedwhenbasedoneithersharp-orblunt-tip.
flowconditions.Thesamedoesnotholdtruefortheturbulentboundary
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layer.CalculationsbasedontheStantonnumbersofreference12indi-
catethatthetheoreticalturbulentheat-transferratemaybe reduced b
asmuchas 40percentifblunt-tiplocal~flowconditionsapply.

Thedataoffigure10 indicatethatlaminarflowexistsduringthe
flightat allstationsforwardofandincludingstation31.72.Thisis
inagreementwiththedatareportedinreference4 at somewhatlower
Reynoldsnumbers.ThemaximumReynoldsnumbers(based.onthewetted

—

distancefromthestagnationpoint)ontheconeandat station31.72
were50.2and49x106,respectively,duri~ thepresentflight. —

Stations60.81and67.56indicatea turbulentboundarylayerd~ing
theflight.ThetheoreticalStantonnumbersforbothofthesestations
(fig.10(d)) arebasedonlocalconeflow--withbluiii-tipconditions.The
referencelengthfortheReynoldsnumberatthesestationshasarbitrar-
ilybeentakenfromthepartinglineat station32.88,becausetheflow —
wasknowntobe laminaraheadofthisstation.Thetheoretical”Staiitori”
numbersat station60.81overestimatetheheat-transferratethroughout
thetimehistory.At station67.56thedataareagainlessthanturbu-
lenttheoryuntilabout12.2seconds.Thedatariseafter12.2seconds
andexceedthetheoryby a considerableamount.Noexplanationforthis “
suddenincreaseintheSt=tonnumberisnow known.However,to illust-
rate themagnitudeoftheheat-transferrate,themeasuredheatingrate
iscomparedin figure11withseveralth&”oreticale-stimates.

“
.

Thetheoreticalheatingratesshownin figme~ areforbothwedge
andconelocalflowconditionswithsharpandblunttipsandfortwo
choicesoftheReynoldsnumberreferencelength.The~elengthsare5.04

[
inchesdistancefromcylinder-flarejunctionto station67.56)and34.68

—

inchesdistancefrompartinglineto station67.56).It isobvioustwt
theblunt-tiptheoreticalvaluesofheatingratedonotagreewiththe
measuredheatingratebeyond12.2seconds.Sharp-tipconditionsshow
betteragreement,butitisnotclearwhichofthevsriouslocalflow

.-

conditionsarevalidandwhy. Thedataofreference14 indicatethat
theheat-transferrateontheflaremaybepredictedby choosinga ref-
erencelengthfortheReynoldsnumberfrdtntheflare-cylinderjunction.
However,no definiteconclusioncanbe derivedfromthepresentdata.
Also,it-isnotclearwhyblunt-tipconditionspredicttheheatingrate
reasonablywellup to 12.2secondsandsharp-tipconditionsarebetter
thereafter.Itisevidentthatfurtherdataon finedafterbodiesare
neededbeforeheat-transferratescanbepredictedwithconfidence.

Themaximumheatingratemeasuredws 735~~0Btupersq=re foot
perhourforstation67.56at 13.2secon@. Ihmi~”thistimeinterval
Q2.2to 13.2sec),thefree-streamMachnumbervariedfrom‘approxititelyk
5.0to 6.7.

.
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Boundary-LayerStabilityConditions

Lees(ref.15),DunnandLin(ref.16),andVanDriest(ref.17)
haveshownthata laminarboundarylayermaybe stableat verylarge
Reynoldsnumbers,providedtheboundarylayeris cooledsufficiently
andthelocalI@chnumberfallswithincertainlimits.Thecritical
theoreticalratiosofwalltolocalstreamtemperaturefromreference
16arepresentedin figureU asa solidline. Thesymbolsrepresent
thedataofthisflight.Alsoshowninfigure12arelocalReynolds
numbers.Thedataareshownforbothsharp-andblunt-tipconditions.

7

Eachstationontheconehadlaminsrflowandwaswellwithinthe
stabilitycurveofreference16. Forexample,thedataofstation19.32
(fig.12(a)),whichwastypicalofallthe stationsonthecone,were
wellwithinthestabilitylimitsforbothsharp-andblunt-tipconditions.
At peakMachnumber,thesharp-tipReynoldsnumberwasreducedfrom49xI.06
toa blunt-tipvalueof6x106.Reductionsinratioofwallto local
streamtemperatureandlocalMachm.nnberwerefrom1.00to 0.32and5.85
to 2.75,respectively.Thesharp-tipconditionsforthestationsonthe
cylinderforwardofthepartingline(figs.12(b)to (d))wereoutside

9 thetheoreticalstabilitylimitnearthepeak,~chnumbers.However,the
localconditionscorrectedforbluntnesswerewellwithinthestability
loop. Theheat-transfercoefficientsat thesestationsin~catedlsminar

. flow;thus,itappearsthatblunt-tipconditionsweregoverningthelocal
boundary-layerdevelopment.

Turbulentboundarylayerswereindicatedforstations60.81and
67.56in figure10(d).However,theratioofblunt-tipwallto local
streamtemperature(figs.12(e)and(f})wereweU withinthestability
limitsofreference16. Thesurfacediscontinuityat thepartingline
andthetelemeteringantenna(whichwasforwardofthesestations)may
havetriggeredtheboundarylayer.Also,theskinaftoftheXarting
linewasnotpolished.5e increasedroughnesscouldhavepranoted
transition,eventhoughthelocalblunt-tiptemperatureratioswere
withinthetheoreticallystablelimits.Anotherpossibleexplanation
mightbe thatthefulleffectofbluntingthetipwasnotrealizedthis
farbackonthemodel.Approximatecalcubtionsbased.onreference8
indicatedthata largertipbluntnesswouldbe requiredtoblanketthe
localboundarylayertithlowMachnumberairat stations60.81and67.56.
Sharp-tipconditionscouldthenbe controllingtheboundarylayer.For
thiscasetheturbulentboundarylayermayhavebeencausedby either
thehighlocalReynoldsnumberorthesurfaceroughness.

Theratioofwallto localstreamtemperatureisplottedagainst
. blunt-tipReynoldsnumberin figure13. Thesolidlinerepresentsa

summarycurveoftransitiondataframreferences3 and18. Dataare
shownfortwostations(9.84and31.72)fromthepresenttestflight
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andtwosimilarstationsfromreference4. A comparisonof stations
9.84and31.72withthecorrespondingstationsofreference4 showsa .
60-percentincreaseinlocalblunt-tipReynoldsnum~erat---thesameratio
ofwall.to localstreamtemperature.The_-localsharp-tipReynoldsnum-
berwasashighas 49x106tithoutevidenceoftransitionforthepres-‘“
enttest. Theblunt-tipflowconditions,however,Wre wellbelowthe..... -
valuesforwhichtransitionwasobtainedwithsharp-tipmodelsinref-
erences3 and18. Consequently,withtheeffectof.bluntingconsidered,
no transition

A highly
sphericaltip

wouldbe expectedinthepresenttests.— -a
@

E
SUMMARY OFRESULTS

polished150-included-angle,cone-cylinderwitha hemi-
diameter15percentofthecylinderM-smeterwasflownto

obtainboun&ry-layer-tran-sitiondata.tiefollowingresultswere
obtained: —

1.A maximumfree-streamMachnumberof6.75wasattainedat 28.,lW
feetfollowinga 27°downwardlaunching&om anF2H=2Bairplane.Peak
sharp-tipReynoldsnumbersontheconeandtheflaredafterbodywere
50.2x106and97x106,respectively.

●

2.Laminarflowwasobservedonthehighlypolishedcone-cylinder .
at themaximumsharp-tipReynoldsnumberof 50.2x106.Thelocalblunt-
tipratiosofwallto localstreamtemperaturewere-welltithinthe
theoreticalstabilityliuits. --

3.Themaximumobservedskintemperaturewas1820°R, andthemaxi-
mumobservedheatingratewas735,000Btupersquarefootperhour. ‘
Thesevaluesoccurredontheflaredafte~%ody.

—
—

4.!l?uxbulentflowwasobservedontheaftpartofthecylinderand
ontheflaredsurfaceofthemodelforlocalblunt-tipconditionswell
within-thetheoreticallystablelimits.However,surfaceroughnessand
a discontinuityatthemissilepartinglinemayhaveinducedtransition.
Also,calculationsindicatethattheh--~phericaltipmqynothavebeen –
largeenoughtoproducetherequiredlaye!roflow~ch numberairfor
blunt-tipconditionstoapplyfullyat theresrofthemissile.

—.
—

5.Theusualassumptionsusedto calculatetheheat-transferrates
ontheflaredafterbodyunderestimatedtheheating-rateduringthelast
secondoftheflighthistory.Duringth~stimeinterval,thefree- .
streamMachnumbervariedfrcmappromtely 5.0ta 6.7.

:

LewisFlightPropulsionLaboratory
NationalAdvisoryCo?mnitteeforAero&utics .

Cleveland,Ohio,December5, 1956 —.
..
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TABLEI. - TWO-STAGETESTBODY: PHYSICALIIATA

Gdossweightat launching(bothstageslessigniters),lb 235.5
Grossweightof secondstage(lessigniters),lb 77.0
Grossweightofbooster(withcouplingassembly),lb 158.5
Couplingassemblyweight,lb 3.0
Weightof secondstageat burnout,lb A3,3
Telemeterpackgeweight,lb 16.0

Centerofgravityat launching,in. 76,22
Centerofgravityat first-stageburnoutl,in. 61.90
Centerofgravityof secondstageafterseparation,in. 41.65
Centerofgravityof secondstageafterburnoutl,in. 33.00

Boosterfinarea(2fins),sq in. 152.0
Second-stagefinarea{2 fins),sqin. 24.2
Includedwedgeangle,second-stagewedgefin,deg 10

Bodydiameter,booster,in. 9.32
Bodydiameter,secondstage,in. 6.00
bcludedconeangle,secondstage,deg 15

Skinmaterial,secondstage Inconel
Surfacefinishof instrumentedconecylinder,microin.rms “2

‘Fhmnosetip.
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TABLEII.-

[Ref.19]

NACARM E56L03

.-

Rocket GrossPropellantAverageIhrpulseGross PropellantBurning
weight, weight, thrust, weight specifictime,
lb lb lb specificimpulse sec

tipulse

Sustainer45.8 33.5 a3900 a6,950 a152 a208 al.60
(T-55)

Booster 132.0 103.0 b3500 b21,000 b159 b204
(T-40)

5.22

aAt -20° F andsealevel.
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